Over 1,600 genes encoding putative transcription factors have been identified in the Arabidopsis genome sequence, however, their physiological functions are not yet fully understood. In this study, a small subfamily of double B-box zinc finger (DBB, DOUBLE B-BOX) genes, encoding eight putative transcription factors, were characterized with reference to the circadian rhythm and the early photomorphogenic regulation of hypocotyl elongation in response to light signals. Among these, it was found that the transcriptions of five DBB genes were under the control of circadian rhythm. To gain insight into the physiological roles of these putative transcription factors, forward and reverse genetic studies were carried out. The results suggested that they are commonly implicated in light signal transduction during early photomorphogenesis, however, their functions are not totally redundant, as judged by the fact that their circadian-expression profiles (or phases) were distinctive from each other, and by the fact that some DBBs (named DBB1a, DBB1b, STO, and STH) were apparently implicated in light signal transduction in a negative manner, whereas another (named DBB3) was implicated in a positive manner with regard to light-induced inhibition of elongation of hypocotyls. We also found that homologous B-box zinc finger genes are widely conserved in higher plants (e.g., Oryza sativa). Taking this altogether, it is probable that in addition to previously characterized bZIP-type transcription factors (e.g., HY5 and HYH) and bHLH-type transcription factors (e.g., PIF4 and PIF5/PIL6), a set of B-box zinc finger transcription factors should also be taken into consideration for a better understanding of the complex molecular mechanisms underlying the early photomorphogenic development of Arabidopsis thaliana.
Over 1,600 transcription factor genes have been identified in the Arabidopsis genome sequence, representing approximately 6% of the total number of genes, and these transcription factor genes can be grouped into a certain number of different families. 1) Among them, the zinc finger family of proteins contains a large number of members, and these are further classified into several distinct subfamilies. The B-box zinc finger family is such an example (see SMART, http:// smart.embl-heidelberg.de/smart/show motifs.pl), of which the best-characterized member is named CO (CONSTANS). 2, 3) The CO protein has two tandem (or double) B-box zinc finger domains at its N-terminal part, and also has a common C-terminal CCT (CO/ COL/TOC1) motif. 4) In Arabidopsis thaliana, there are many proteins that have the same structural design as CO, and these proteins were collectively designated CONSTANS-LIKE (COL1 to COL16).
3) The characteristic nature of CO has been well documented with special reference to its role in the photoperiodic control of flowering time. 5, 6) One of the important facts is that the transcription of CO is under the control of circadian rhythm. 7) This event is important for CO to play a critical role in the photoperiodic control of flowering time. An inspection of current Arabidopsis databases revealed that the expression profiles of many other COL genes are also diurnally oscillated (COL1, COL2, COL5, COL8, COL9, COL10, and COL15 at least). 8 ) Some COL genes have been characterized by reference to functions associated with the control of flowering time. 9, 10) We have been studying the mechanisms underlying the circadian clock, and also clock-controlled flowering time. 11, 12) During the course of such studies, an inspection of current Arabidopsis databases revealed that this model plant has still many more homologous genes (at least additional 15 members) encoding proteins containing the B-box zinc finger domain. In contrast y To whom correspondence should be addressed. Tel: +81-52-789-4089; Fax: +81-52-789-4091; E-mail: nqi33717@nifty.com Abbreviations: CO/COL, constans/constans-like; CT, circadian time; DBB, double B-box; HY5, long hypocotyl 5; FT, flowering locus T; HYH, HY5 homolog; PRR, pseudo-response regulator; TOC1, timing of cab expression 1 to the CO family protein, however, they have no C-terminal CCT motif. Although the exact biochemical nature of the B-box-type zinc finger domain is not yet known, it is likely that proteins containing this domain serve as transcriptional regulators, directly or indirectly. For instance, CO regulates the transcription of FT (FLOWERING LOCUS T). 3, 13) These B-box zinc finger proteins might play roles in highly divergent ways, and these proteins might also be relevant to certain clockcontrolled events. Nevertheless, most of these new members remain elusive. Keeping this background in mind, in this study we focused on a subfamily of such as-yet uncharacterized B-box zinc finger proteins of Arabidopsis thaliana, collectively designated DBB (DOUBLE B-BOX) genes (see Fig. 1 ).
First these members of the DBB subfamily were characterized with special reference to circadian rhythm. We found that many of these genes were under the control of the circadian clock at the level of transcription. Evidence was also presented that highly homologous proteins are conserved in rice. Through forward and reverse genetic studies, it was finally found that many of the Arabidopsis DBB genes were commonly implicated in light signal transduction pathways during early photomorphogenesis.
Materials and Methods
Plant materials and growth conditions. Arabidopsis thaliana Columbia was used in this study, unless otherwise noted. Plants were grown in soil and/or on MS medium (Murashige and Skoog salts with 1% sucrose and 0.3% gellan-gum). They were incubated in growth chambers under fluorescent white light of 90-100 mmol m À2 s À1 and 120-150 mmol m À2 s À1 on a 16 h light/8 h dark cycle or a 10 h light/14 h dark cycle. Oryza sativa (Nipponbare) were grown in a growth chamber at 28 C on MS medium (Murashige and Skoog salts with 1% sucrose and 0.8% agar) under fluorescent white light (400-700 nm, 100 mmol m À2 s À1 ).
Construction of DBBs-ox transgenic plants. The entire coding sequence of the DBBs cDNA was cloned by PCR-aided cloning into the pSK1 vector 14) at the XbaI-NotI site downstream of the CaMV 35S promoter. The primer sets used in this study are given in Table 1 . The resulting plasmid constructs were transferred via Agrobacterium tumefaciens strain EHA101 Arabidopsis to plants (Col) by the conventional vacuum infiltration transformation method.
15)
Examination of light response in early photomorphogenesis. To determine the light response in early photomorphogenesis of plants, seeds were sown on gellan-gum (0.3%)-plates containing MS salts without sucrose, then they were kept at 4 C for 48 h in the dark. After that, the seeds were exposed to white light for 3 h in order to enhance germination, followed by incubation at 22 C for 21 h in the dark. Plants were grown for 48 h or 72 h under continuous light across a varied range of fluence rates or in the dark. As light sources for continuous irradiation, light-emitting diodes were used: (for red light, STICK-mR, max ¼ 660 nm at 30 mmol m À2 s À1 ; far-red, STICK-mFR max ¼ 735 nm at 25 mmol m À2 s À1 ; blue, STICK-mB max ¼ 470 nm at 25 mmol m À2 s À1 , Tokyo Rika, Japan, as described previously. 16) Preparation of RNA, northern blotting analysis, and real time RT-PCR. For northern blotting analysis, total RNA from A. thaliana was purified by ATA methods, as described previously. 17) Total RNA from O. sativa was isolated by the method described by Carpenter and Simon. 18) Several double-stranded 32 P-labeled DNA COL1  COL2  COL5  COL3  COL4  COL8  COL7  COL6  COL16   COL13   COL14   COL15   COL9   COL10   COL11   COL12   AT1G68190   AT3G21150   AT3G21890   AT4G15248 A, By employing about 32 amino acid sequences containing the B-box-type zinc finger domain, a non-rooted neighbor-joining phylogenic tree with branch length was constructed with the program CLUSTALW. Other details are given in the text. B, A comparative phylogenic tree containing the circadian clock-controlled Arabidopsis DBB genes and the homologous rice OsDBB genes was also constructed. For to the nomenclature for each rice gene, see the text.
CO
probes were used to detect the specific mRNAs. The probes used in northern blotting were amplified by PCR with an appropriate set of primers. The primer sets are given in Table 1 . the 32 P-labeled probes were prepared by the Megaprime DNA Labeling System (GE Healthcare Bio-Sciences Chalfont St Giles UK). For RT-PCR, total RNA samples were purified with an RNeasy kit (Qiagen K. K., Tokyo Japan). To synthesize cDNA, 1 mg of RNA was reverse-transcribed with ReverTea Ace (Toyobo, Osaka, Japan) and oligo-dT primer. The synthesized cDNAs were amplified with gene-specific primers for 25-30 cycles.
Sequence analysis. RiceBLAST (http://riceblast. dna.affrc.go.jp/cgi-bin/robo-blast/blast2.cgi) and KOME (http://cdna01.dna.affrc.go.jp/cDNA/) were used to search for homologs of Arabidopsis clock-associated genes. 
Results
A subfamily of DBB (DOUBLE B-BOX) zinc finger genes As mentioned earlier, CO is the representative of B-box zinc finger proteins in Arabidopsis thaliana. By the use of the amino acid sequence of the B-box zinc finger region of CO, a BLAST search was conducted with the Arabidopsis AGI protein database (http:// www.arabidopsis.org/Blast/index.jsp). We identified a number of inferred amino acid sequences, each of which contained a B-box zinc finger domain. At least 30 candidates were identified, and they were characterized through CLUSTALW (http://clustalw.ddbj.nig.ac.jp/ top-j.html) (Fig. 1A) . The resulting phylogenic tree provided insight into the classification of these B-box zinc finger proteins. They were classified into three distinct subgroups. Each member of the largest representative group (designated the CO/COL subfamily) contains two tandem B-box zinc finger domains, followed by a CCT (CO/COL/TOC1) motif, as mentioned earlier (Fig. 1, see schematic illustration) . The members of another group resembled CO in that they contained a double B-box zinc finger domain at the Nterminal end, but they had no CCT motif. The members of the third group contained only a single B-box-type zinc finger domain with no CCT motif. Since the CO/ COL subfamily proteins have been characterized, 3) we focused our attention on the second subfamily, consisting of eight members (see Fig. 1 , the shaded area). The coding genes were designated DBB (DOUBLE B-BOX), as follows: DBB1a (At2g21320), DDB1b (At4g38960), DBB2 (At4g39070), DBB3 (At1g78600), and DBB4 (At4g10240), in addition to STO (At1g06040), STH (At2g31380), and STH2 (At1g75540). STO and STH/ STH2 stand for SALT TOLERANCE and SALT TOLER-ANCE HOMOLOGES respectively. They were characterized previously to some extent, as discussed below. [19] [20] [21] [22] The amino acid sequences of the DBB1a and DBB1b gene products are highly homologous to each other, not only in their B-box domains, but also in their entire C-terminal sequences. The same is true for the SHO and STH gene product, otherwise, the C-terminal amino acid sequences of these DBB proteins are quite 
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different from each other. Based on this, we characterized these DBB subfamily genes together by comparing them with each other by conventional forward and reverse genetic approaches.
DBB subfamily genes are highly conserved in divergent plants
First, we wanted to know whether the DBB subfamily genes are conserved in other higher plants. The results of an inspection with the rice genomic database (Oryza sativa japonica) showed that this monocotyledonous model plant also has a set of highly homologous DBBrelated gene, (http://riceblast.dna.affrc.go.jp/cgi-bin/ robo-blast/) (Fig. 1B) . The rice Hd1 gene has been identified as an ortholog of the Arabidopsis CO gene. 23) In this comparative phylogenic tree, it was found that the Hd1 and CO genes together belong to an out-group. Hence, we designated these rice DBB-related genes as OsDBB-series, as indicated in the phylogenic tree. These results are compatible with the idea that DBB subfamily genes commonly play fundamental roles in higher plants. This assumption was further supported by the fact that a certain number of highly homologous genes were also found in the entire genomic databases of Populus trichocarpa (woody poplar, http://genome. jgi-psf.org/Poptr1/Poptr1.home.html) and Vitis vinifera (fruit crop grapevine, http://genome.jgi-psf.org/Poptr1/ Poptr1.home.html) (data not shown). Hence we further examined in detail the functions of the clock-controlled DBB subfamily of zinc finger genes in Arabidopsis thaliana.
Transcriptions of several DBB genes were under the control of a circadian clock
In accordance with our primary interest in DBB subfamily genes, first we examined to determine whether the transcriptions of these genes are under the control of a circadian clock. Wild-type plants (Columbia, Col) were grown for 20 d under light/dark (LD) (12 h light/12 h dark) cycle conditions, and then they were released to continuous white light (LL) conditions. The previously characterized clock-defective prr9 prr7 prr5 triple loss-of-function mutant plants were also employed as reference. 24) RNA samples were prepared at 3 h intervals for 2 d to use in Northern blotting hybridization analysis, with special reference to freerunning oscillation profiles of these DBB genes at the level of transcription. The analyses were carried out by the use of appropriate DNA probes specific to DBB1a, DBB1b, STH2, DBB3, STO, and STH (Fig. 2) . We did not obtain data for DBB2 or DBB4, because the expression of DBB2 was lower than the detectable A and B, Wild-type (Col) and prr9 prr7 prr5 triple mutant plants were grown under LD (12 h light/12 h dark) for 20 d, and then they were released to continuous light (LL). RNA samples were prepared at 3 h intervals, as schematically indicated (open and hatched rectangles indicate subjective day and night respectively). They were subjected to Northern blot hybridization analysis with the indicated DNA probes. For these genes, rhythmic expression profiles are clearly seen in Col (panel A), but not in prr9 prr7 prr5, indicating that the expression of these genes oscillates diurnally, except for STH2 (panel B). These results are consistent with those inferred from the microarray datasets of diurnally oscillated genes with Afymerix GeneChip Arabidopsis ATH1 22K arrays, representing nearly all protein-coding transcripts of the reference plant.
8) The amounts of rRNA were examined as loading references. Other details are given in ''Materials and Methods.'' The same experiments were repeated twice with the same results. C, Characterization of expression profiles of DBB1a in the clock-defective mutant grown under a light/dark cycle (10 h light/14 h dark). In addition to wild-type Col, the clock-defective mutant used was the cca1 lhy double mutant. 25 ) RNA samples were prepared at different timing, as indicated (the dark period is indicated by a shaded background). The transcript levels of DBB1a were quantified by real-time PCR with appropriate sets of primers (see Table 1 ). The data were normalized with an appropriate internal reference (the APX3 transcript encoding a ascorbate peroxidase 3), by taking the maximal value in Col to be 1. Other experimental procedures were the same as those described previously. 25) level under our hybridization conditions, and also because the specific cDNA probe for DBB4 could not be amplified from the plants even after several attempts, suggesting that the expression levels of these genes in plants are extremely low. Otherwise, the expression profiles were successfully examined for the remaining six DBB genes (Fig. 2) . The results showed that all of them, except for STH2, exhibited a robust free-running circadian rhythm in the wild-type Col plants ( Fig. 2A) , and it is interesting that the phases of rhythms (i.e., the positions of peaks) were considerably different from each other.
No such robust oscillation profiles were observed for the RNA samples, which were isolated from the clockdefective prr9 prr7 prr5 triple mutant plants (Fig. 2B) . The results suggest that the rhythms of these DBB genes are controlled by a circadian clock, in which the PRR9/ 7/5 (PSEUDO-RESPONSE REGULATOR) genes play essential roles. 12) In addition to the clock-associated PRR genes, two homologous genes, CCA1 and LHY (CIRCADIAN CLOCK-ASSOCIATED 1 and LATE ELONGATED HYPOCOTYL), also played a critical clock-associated role(s). Hence the diurnal expression profiles of DBB1a were also examined in both the wild-type and the cca1 lhy double mutant. 25, 26) With this alternative clock-defective mutant, RNA samples were prepared at intervals from 11-d-old young seedlings grown under a light/dark (LD) cycle (10 h light/14 h dark). The quantitative results of real-time PCR analyses of transcripts showed that the diurnal expression profiles of DBB1a in the clock-defective cca1 lhy mutant were markedly different from those in the wild-type Col (Fig. 2C) . The same analyses were carried out for DBB1b and DBB3, with the same results (data not shown). These results support the thesis that these DBB genes were under the control of circadian clock under both the continuous light (LL) and the light/dark (LD) cycle condition.
To extend this line of examination, RNA samples were prepared from rice seedlings (Oryza sativa, Nipponbare), grown under LL growth conditions, followed by Northern blotting hybridization analysis, with the rice OsDBB genes as probes (Fig. 1B) . Expression of the OsDBB1, OsDBB3c, OsSTO, and OsSTH genes also oscillated in LL at the level of transcription (Fig. 3) . Notably, the phases of their peaks were different from each other, as observed for Arabidopsis DBB genes (see Fig. 2 ). The OsDBB3a and OsDBB3b genes expressed continuously (data not shown). Taking their expression patterns together, we concluded that DBB1a/b corresponds to the single clock-controlled OsDBB1 gene (Os09g0527900), that OsDBB3c (Os01g0202500) is the counterpart of DBB3, and that, STO and STH are orthologous to OsSTH (Os02g0606200) and OsSTO (Os04g0493000) respectively (Fig. 1B) . More importantly, both for Arabidopsis and rice certain members of DBB genes are commonly under the control of circadian clock.
The first conclusion of this study is that five out of eight Arabidopsis DBB genes are under the control of a circadian clock, and these genes are highly conserved in rice. These findings tempted us to examine further the functions of these five Arabidopsis clock-controlled and characteristic zinc finger genes (DBB1a, DBB1b, DBB3, STO, and STH). The STH2 gene was not characterized, because its expression was not under the control of circadian rhythm. The expression profiles of DBB2 and DBB4 remain to be examined more closely by a sensitive RT-PCR method.
Isolation of a set of T-DNA insertion mutants for the DBB genes
Obviously, a direct approach to defining the physiological function of a given DBB gene is to characterize each loss-of-function (or null) mutant. To this end, we isolated homozygous T-DNA insertion mutants for the respective genes, as schematically illustrated in Fig. 4 . The isolated homozygous mutants (or alleles) were dbb1a-1 (SAIL-879-E12), dbb1a-2 (SALK-061956), dbb1b-1 (SALK-088902), dbb3-1 (SALK-105367), sto-1 (SALK-067473), sto-2 (FLAG-562D03), and sth-1 (GABI-941B08). They are derivatives from the ecotype Columbia (Col), except for sto-2 from Wassilewskija (Ws). In these mutant plants, no detectable amount of the corresponding full-length transcript was seen in RT-PCR analysis, except for dbb1a-1 and dbb1a-2 (two independent progenies were tested for each, see Fig. 4 ). The dbb1a-1 and dbb1a-2 alleles isolated in this study appear to be undesirable for genetic studies (no other candidate of dbb1a mutant is available to the public at present). All the homozygous mutant plants grew well on MS agar-plates and in soil under standard laboratory growth conditions, and eventually they set reproductive flowers and seeds. We did not detect any overt phenotype for these mutant plants. Some DBB genes might be implicated in early photomorphogenesis Some previous reports have suggested that the STO, STH, and STH2 genes are implicated in a light signal transduction pathway. 20, 27) A hallmark assay examining the light signal transduction in young seedlings is the inhibition assay of elongation of hypocotyls during early photomorphogenesis at given fluence rates of red, farred, and blue light (or white light). Here, such assays were done for the set of dbb mutants. The results for red light sensitivity showed that the sto-1 and sto-2 mutant seedlings displayed detectable phenotypes as to the light sensitivity (Fig. 5) . The sth-1 mutant also showed a similar phenotype, but the others did not (Fig. 5) . Furthermore, the sto-1 and sto-2 mutant seedlings consistently showed phenotypes of hypersensitivity, not only to red, but also to far-red light (Fig. 6 ). They were also hypersensitive to blue light, although the phenotypes were subtle (Fig. 6) . Such an alteration of far-red light and blue light sensitivity was less evident in the case of sth1-1 (data not shown). Otherwise, the other mutant seedlings did not display any overt phenotype in this respect (the dbb1a T-DNA insertion mutants must be very leaky).
As judged by the phylogenic profiles ( Fig. 1) , we concluded that these homologous DBB gene products might play redundant roles. To solve this problem in general, it might be necessary to construct multiple lossof-function dbb mutant lines. In fact, we have isolated a sto-1 sth-1 double mutant, together with a dbb1a-2 dbb1b-1 double mutant. Nevertheless, no new overt phenotype has been observed for them. Hence, it might be necessary to do more laborious genetics by creating multiple loss-of-function mutants, as by isolating a desirable loss-of-function allele for DBB1a. We attempted to apply another conventional genetic strategy by establishing transgenic lines constitutively expressing (or miss-expressing) each of these clock-controlled DBB genes, as described below. To characterize the functions of the clock-controlled DBB family genes, a set of candidate seeds of T-DNA insertion mutants were obtained, mainly from The Salk Institute Genomic Analysis Laboratory (San Diego, CA, USA) and The Arabidopsis Biological Resource Center (ABRC, Columbus, OH, USA). They were established as homozygous mutant lines after the insertion sites were confirmed by nucleotide sequencing. The positions of primers were setting appropriately to screen each mutant allele. Rectangles indicate exons, and horizontal lines indicate introns. The coding regions for B-box-type zinc fingers are also indicated. Another replicated experiment was carried out, with essentially the same results (data not shown).
Isolation of transgenic lines each overexpressing a given DBB gene
To this end, a series of Cauliflower Mosaic Virus (CaMV) 35S-promoter::DBB cDNA composite transgenes were constructed and introduced into the wildtype Columbia ecotype (Col). Stable homozygous transgenic lines were established for DBB1a, DBB1b, DBB3, STO, and STH ( Fig. 7A ; at least two independent lines were isolated for each). It was confirmed that a transcript was indeed over accumulated in any given transgenic line. More importantly, the clock-controlled transcripts were constitutively miss-expressed, regardless of the timing of preparation of the RNA samples (i.e., morning or evening; compare the pairs of lanes denoted by CT, circadian time). These transgenic lines were designated DBB1a-ox (overexpresser), DBB1b-ox, DBB3-ox, STO-ox, and STH-ox.
The DBB genes were implicated in light signal transduction
Next we examined the DBB-ox transgenic lines for their overt phenotypes. The homozygous (T3) seeds germinated well on MS agar-plates, and the young seedlings grew normally under standard laboratory conditions. When a set of DBB-ox seedlings together with Col were germinated under white light and grown under standard dark/light conditions (10 h light/14 dark, 120-150 mmol m À2 s À1 ), we noticed that the lengths of hypocotyls were different considerably (Fig. 7B) . For instance, the average lengths of hypocotyls of DBB1a-ox, DBB1b-ox, STO-ox, and STH-ox seedlings were significantly longer than that of the wild-type Col. The phenotype of STO-ox was complementary to the earlier observation for the sto-1 and sto-2 lossof-function mutant seedlings (Figs. 4 and 5) . In other words, the STO-ox seedlings were hyposensitive to light signals, while the sto loss-of-function mutant seedlings were hypersensitive. Under the same growth conditions, the hypocotyls of DBB3-ox were considerably shorter that that of Col. These phenotypes are indicative of light-dependent signal transduction during early photomorphogenesis, suggesting that these DBB genes might be commonly implicated in a light signal transduction pathway.
To confirm the above phenotypes, the sensitivities to red light and far-red light during early photomorphogenesis of these DBB-ox seedlings were quantitatively examined and compared (Fig. 8) . The results indicated A, Northern blot hybridization analysis was carried out to detect overexpressed DBB transcripts. Two independent lines were established for each. To confirm miss-expression of the DBB genes in a manner independent of circadian rhythm, RNA samples were prepared at two different circadian times (CT0 = light on = morning). These overexpressers were designated DBB1a-ox, DBB1b-ox, DBB3-ox, STO-ox, and STH-ox. B, These established homozygous transgenic lines were germinated and grown on MS agar-plates for 7 d under light/dark cycle conditions, and representatives of the resulting seedlings were photographed for each.
that the DBB1a-ox, DBB1b-ox, STO-ox, and STH-ox seedlings were hyposensitive to both red and far-red light, as compared with in the Col seedlings, while the DBB3-ox seedlings were hypersensitive to both red and far-red light under the same conditions. The altered responses of these transgenic seedlings to blue light were less evident (data not shown).
DBB genes act in output pathways downstream of the circadian clock
Finally, it was of interest to determine whether the DBB genes act within the circadian clock per se, because certain clock-components are often involved in early photomorphogenesis. 28, 29) To this end, DBB1a-ox, DBB1b-ox, and DBB3-ox transgenic plants were grown under a light/dark cycle (12 h light/12 h dark), and then they were released to continuous light to determine the rhythmic expression profiles of the clock component gene, CCA1 (Fig. 9) . The results of Northern blot hybridization analyses showed that the rhythmic profiles of CCA1 in these transgenic plants were indistinguishable from that in wild-type Col. The results suggest that the DBB genes tested are not clock-associated genes, as judged by the general idea that overexpression of any clock-associated gene in plants results in severe perturbation of the clock function per se.
30) Rather, it is possible that DBB genes act in an output pathways downstream of the circadian clock.
Discussion
Taking the various results of this study together, it was found that many members of the DBB family of zinc finger genes were under the control of a circadian clock at the level of transcription. More importantly, Together with wild-type Col, DBB1a-ox, DBB1b-ox, and DBB3-ox transgenic plants were grown under a light/dark cycle (12 h light/12 h dark), and then, they were released to continuous light. RNA samples were prepared at intervals 3 h, and they were analyzed by Northern blot hybridization analysis with a probe appropriate to CCA1 (solid rectangle, dark; open rectangle, day; shaded rectangle, subjective night). As loading references, the amounts of rRNA were analyzed. Other experimental details, including the probe for CCA1, were the same as described previously. 15) they are implicated as putative transcriptional factors in light signal transduction. More specifically, the results suggested several tentative conclusions: (i) Arabidopsis thaliana has a small DBB subfamily consisting of eight members, each of which contains a CO-related double B-box zinc finger domain (Fig. 1). (ii) Among these, the transcription of five DBB family genes are under the control of circadian rhythm (Fig. 2) , (iii) they are commonly implicated in light signal transduction during early photomorphogenesis (Figs. 5, 6 , and 8), (iv) Their functions, however, are not completely redundant, as judged by the fact that their circadian-expression profiles were distinctive from each other (Fig. 2) , also by the fact that some DBB genes (DBB1a and DBB1b, STO, and STH) are implicated in light signal transduction, apparently in a negative manner with regard to light signal transduction through promotion of the elongation of hypocotyls, whereas another (DBB3) acts in a positive way in this sense (Fig. 8) . (v) Finally, genes homologous to Arabidopsis DBBs are widely conserved in higher plants (Fig. 1) .
Characterization of the physiological functions of DBB genes is at very early stage. Based on the findings of this study, however, it is of interest to study the DBB subfamily members with special reference to light signal transduction in plants. Among these DBB genes, the STO gene was originally identified as one that can complement the growth defect of a yeast calcineurindeficient mutant, which shows a phenotype of salinity sensitivity. Hence, it has long been thought that the STO gene might also be implicated in salt tolerance in plants. 21, 22) Another previous observation is that the STO protein interacts with COP1 (CONSTITUTIVE PHOTOMORPHOGENIC 1), which regulates early photomorphogenic responses by acting as a component of E3 ligase. 31) Then it was found that the STO gene participates in a light signal transduction pathway. 20) The results of this study support this recent view. More importantly, the results further suggest that, not only STO but also other members of the DBB subfamily are implicated in the early photomorphogenesis in response to red, far-red, and blue light, as summarized above.
The nature of the DBB family of putative transcription factors is reminiscent of the well-characterized photomorphogenic transcription factor HY5 (LONG HYPOCOTYL 5), a bZIP DNA-binding protein. 32) HY5 is a representative target of COP1, 33) which negatively regulated photomorphogenic processes in the dark, as explained above. HY5 acts as a positive regulator in light signal transduction. It was recently found that STH2 (Fig. 1) has the ability to interact with HY5 both in yeast and plants, and it is possible STH2 is implicated as a positive regulator in photomorphogenic developments. 19) Some DBB protein (DBB1a and DBB1b, STO, and STH) are implicated in light signal transduction apparently in a negative manner, whereas others (STH2 and DBB3) act in a positive way (Fig. 8) . It is tempting to speculate that these DBB proteins might interact with HY5, thereby enhancing and/or inhibiting HY5 activity. It is further tempting to propose that some DBB zinc finger proteins, together with the HY5 bZIP protein, play complex roles as positive/negative transcriptional regulators that are involved in the mechanisms underlying the early photomorphogenesis of higher plants in natural environments, which is currently a major subject in plant biology. 34) The expressions of many DBB family genes are under the control of circadian rhythm (or clock) (Fig. 2) . Furthermore, the timing (or phases) of expression is different form each other. We showed that some DBB genes act in output pathways downstream of the circadian clock (Figs. 2 and 9) . Currently, it is believed that the circadian clock regulates the rhythmic elongation rate of hypocotyls during early photomorphogenesis. 28 ) Accordingly, certain Arabidopsis clock mutants (e.g., toc1 and prr5) show altered phenotypes with reference to early photomorphogenesis. 24, 29, 35) In investigating the molecular mechanisms underlying such clock-controlled photomorphogenic responses, Nozue et al. (2007) found that two basic helix-loop-helix (bHLH) transcription factor genes are crucially implicated, viz., PHYTOCHROME-INTERACTING FACTOR 4 (PIF4) and PIF5/PIL6. 28) They suggested that these two clock-controlled bHLH genes integrate both the clock and the light signals to regulate the diurnal rhythmic growth of hypocotyls (or stems). This is a good example of a clock-controlled transcription factor playing a central role in the diurnally regulated photomorphogenesis of plant development. Hence, it is possible that the clock-controlled DBB family of zinc finger proteins is commonly implicated in a complex mechanism underlying the diurnal regulation of photomorphogenesis.
In conclusion, in addition to the previously characterized bZIP transcription factors (HY5 and HYH) and bHLH transcription factors (PIF4 and PIF5/PIL6), we propose that a set of B-box zinc finger proteins (including the newly identified DBB1a/b and DBB3) must be taken into the consideration for a better understanding of the complex molecular mechanisms underlying the early photomorphogenic development of Arabidopsis thaliana. Furthermore, not only DBB1a/b and DBB3, but also HY5 and HYH, PIF4, and PIL6, are all under the control of robust circadian rhythm at the level of transcription (our unpublished data). 36, 37) Hence it is of interest to characterize the functions of DBB1a/b and DBB3 within the cop1, hy5, and/or pif4/5 mutant backgrounds to gain insight into the genetic linkages between the newly identified DBB family genes and well-known photomorphogenic genes.
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